A universal mechanism may be responsible for several unresolved cosmic conundra. The sudden drop in the pressure of relativistic matter at W ± /Z 0 decoupling, the quark-hadron transition and e + e − annihilation enhances the probability of primordial black hole (PBH) formation in the early Universe. Assuming the amplitude of the primordial curvature fluctuations is approximately scale-invariant, this implies a multi-modal PBH mass spectrum with peaks at 10 −6 , 1, 30, and 10 6 M . This suggests a unified PBH scenario which naturally explains the dark matter and recent microlensing observations, the LIGO/Virgo black hole mergers, the correlations in the cosmic infrared and X-ray backgrounds, and the origin of the supermassive black holes in galactic nuclei at high redshift. A distinct prediction of our model is that LIGO/Virgo should soon observe the merging of black holes with masses between 2 and 5 M or above 70 M and with low mass ratios.
Introduction -Primordial black holes (PBHs) in the solar-mass range have attracted a lot of attention since the LIGO/Virgo detection of gravitational waves from coalescing black holes [1] . The observed merger rate is compatible with what would be expected if PBHs constitute an appreciable fraction, and possibly all, of the cold dark matter (CDM). Moreover, the LIGO/Virgo observations seem to favour mergers with low effective spins, as expected for PBHs but hard to explain with models of stellar evolution [2] . An extended mass function with a peak in the range 1 -10 M could explain LIGO/Virgo observations and would be only constrained by lensing probes (microlensing and supernovae lensing) which are strongly debated and subject to large uncertainties.
Given the revival of interest in PBHs, one must explain why they have the mass and density required for explaining the LIGO/Virgo events, and why these values are comparable to the mass and density of stars. One approach is to choose an inflationary scenario which produces a peak in the power spectrum of curvature fluctuations at the required scale [3] . The required amplitude of the inhomogeneities must be much larger than that observed on cosmological scales but not too large, so this requires fine-tuning of both the scale and amplitude.
An alternative approach is to assume the power spectrum is smooth (ie. featureless) but that there is a sudden change in the plasma pressure at a particular cosmological epoch, allowing PBHs to form more easily then. This enhanced gravitational collapse occurs because the critical density fluctuation required for PBH formation (δ c ) decreases when the equation-of-state parameter (w ≡ p/ρc 2 ) is reduced, and since the PBH collapse fraction scales as exp[−δ c /δ rms ) 2 ] for Gaussian fluctuations [4] , this can have a strong effect on the fraction of CDM in PBHs. This is especially important for the Quark-Hadron (QCD) transition at ∼ 10 −5 s, where lattice-gauge-theory calculations indicate that the soundspeed decreases by around 30% [5] [6] [7] .
We have exploited this feature in Refs. [8, 9] , pointing out that PBHs formed at the QCD transition would naturally have the Chandrasekhar mass (1.4 M ), this also being the characteristic mass of main-sequence stars. Moreover, we argue that PBH formation should generate a hot outgoing shower of relativistic protons, in which electroweak baryogenesis occurs very efficiently and produces baryons with similar density to the PBHs, as well as a local baryon-to-photon ratio of order unity. After the baryons become distributed throughout space, this naturally produces a global baryon-to-photon ratio of order the PBH collapse fraction (∼ 10 −9 ) if PBHs provide all of the dark matter.
In this letter we point out an interesting consequence of the above scenario, by extending it beyond the QCD scale. As the background temperature decreases from 100 GeV to 1 MeV, corresponding to the rest masses of the W and Z bosons, the proton, the pion and the electron, there are four periods at which the sound speed exhibits sudden dips. The proton dip is the biggest (∼ 30%) but the others (5 -10%) can also be significant because of the exponential dependence of gravitational collapse on the critical curvature fluctuation. These sound-speed dips produce distinctive features in the PBH mass function at four mass scales in the range 10 −6 -10 6 M .
An important feature of this scenario is that it predicts the form of the PBH mass distribution precisely. We show that the expected form not only satisfies all the current astrophysical and cosmological constraints, but also allows the PBHs to explain numerous observational conundra: (1) microlensing events towards the Galactic bulge generated by planet-mass objects with 1% of the CDM, well above most expectations for free-floating planets; (2) microlensing of quasars, including ones that are so misaligned with the lensing galaxy that the probability of lensing by a star is very low; (3) the unexpected high number of microlensing events towards the Galactic bulge by dark objects in the mass gap between 2 and 5 M [10] , where stellar evolution models fail to form black holes [11] ; (4) unexplained correlations in the source-subtracted X-ray and cosmic infrared background fluctuations [12] ; (5) the non-observation of ultra-faint dwarf galaxies below the critical radius of dynamical heating by PBHs [13] ; (6) the mass, spins and coalescence rates for the black holes found by LIGO/Virgo [14] ; (7) the unexplained relationship between the mass of a galaxy and its central IMBH or SMBH.
Thermal History of the Universe -Reheating at the end of inflation fills the Universe with radiation. In the absence of extensions beyond the Standard Model (SM) of particle physics (eg. with right-handed neutrinos), the Universe remains dominated by relativistic particles with an energy density decreasing as the fourth power of the temperature as the Universe expands. The number of relativistic degrees of freedom remains constant (g * = 106.75) until around 200 GeV, when the temperature of the Universe falls to the mass thresholds of SM particles.
As shown in Fig. 1 (upper panel), the first particle to become non-relativistic is the top quark at T m t = 172 GeV, followed by the Higgs boson at 125 GeV, and the Z and W bosons at 92 and 81 GeV, respectively. These particles become non-relativistic at nearly the same time and this induces a significant drop in the number of relativistic degrees of freedom down to g * = 86.75. There are further changes at the b and c quark and τ -lepton thresholds but these are too small to appear in ativistic value of 1/3 but each sudden drop modifies the probability of gravitational collapse of any large curvature fluctuations present at that time. We will see below how these changes in w result in the production of PBHs with different masses and dark-matter fractions. Primordial Black-Hole Formation -There are a plethora of mechanisms for PBH formation. All of them require the generation of large overdensities, specified by the density contrast, δ ≡ δρ/ρ, usually assumed to be of inflationary origin [3, 15, 16] . When overdensities reenter the Hubble horizon, they collapse if they are larger than some threshold δ c , which generally depends on the equation of state and density profile. For the most studied radiation-dominated and spherically-symmetric case, one has δ c ≈ 0.45 (see e.g. Ref. [17] ). However, there are other (non-inflationary) scenarios for PBH formation, where the inhomogeneities arise from first-order phase transitions [18] [19] [20] , bubble collisions [21] [22] [23] and the col-lapse of cosmic strings [24] [25] [26] , necklaces [27, 28] , domain walls [29] [30] [31] or non-standard vacua [32] . The latter is particularly interesting as it provides a natural scenario to get multi-modal mass functions.
The threshold δ c is a function of the equation-ofstate parameter w(T ), which is shown in Fig. 1 (lower  panel) , so the thermal history of the Universe can induce pronounced features in the PBH mass function even for a uniform power spectrum. This is because, if the PBHs form from Gaussian inhomogeneities with rootmean-square amplitude δ rms , then the fraction of horizon patches undergoing collapse to PBHs when the temperature of the Universe is T should be [4] 
where 'erfc' is the complementary error function and we have written the temperature in terms of PBH mass,
This shows that β(M ) is exponentially sensitive to w(M ).
Throughout this work, we use the numerical results for δ c from Ref. [17] . The present CDM fraction for PBHs of mass M is
where M eq = 2.8×10 17 M is the horizon mass at matterradiation equality and ρ CDM is the CDM density. The numerical factor is 2 (1+ Ω CDM /Ω b ), with Ω CDM = 0.245 and Ω b = 0.0456 being the CDM and baryon density parameters [33] .
There are many inflationary models and these predict a variety of shapes for δ H (M ). Some of them, including single-field models like Higgs inflation [34, 35] , or two-field models like hybrid inflation [36] , produce an extended plateau or dome-like feature in the power spectrum. Instead of focussing on any specific scenario, we will assume here a quasi-scale-invariant spectrum,
where the spectral index n s and amplitude A are treated as free phenomenological parameters. This could also represent any spectrum with a broad peak, such as might be generically produced by a second phase of slowroll inflation. The amplitude has been chosen to give A = 0.1487 for n s = 0.97, in order to get an integrated abundance f tot PBH = 1. The ratio of the PBH mass and the horizon mass at re-entry is denoted by γ and we assume γ = 0.8 as a benchmark value, following Refs. [8, 9] . The resulting mass function is represented in Fig. 2 . It exhibits a dominant peak at M 2 M and three additional bumps at 10 −5 M , 30 M and 10 6 M , corresponding to transitions in the number of relativistic degrees of freedom predicted by the known thermal history of the Universe. Table I (fourth  line) , ultra-faint dwarf galaxies and Eridanus II (E) [37] , Xray/radio counts (X) [38] , and halo wide binaries (W) [39] . Also included are accretion constraints (A) [40] although these rely on rather simplistic assumptions (see Table I ).
Constraints -In this section, we discuss whether the PBH mass functions shown in Fig. 2 , all of which assume f tot PBH = 1, are compatible with the numerous observational constraints on f PBH (M ). There is an overproduction of light PBHs for n s > ∼ 0.98 and of heavy ones for n s < ∼ 0.95 but that the mass distribution for n s 0.97 can provide 100% of the dark matter without violating any current reliable constraints. However, this requires justification because it is sometimes argued that this possibility is already excluded.
In order of increasing mass, the various PBH constraints come from the extragalactic gamma-ray background, neutron star and white dwarf abundances in globular clusters, microlensing surveys, dynamical effects (such as the heating of ultra-faint dwarf galaxies and their stellar clusters and the disruption of wide binaries), radio and X-ray point source counts, and CMB anisotropies generated by PBH accretion. The limits are summarised in Ref. [41] and numerous other papers. However, most of these constraints assume a monochromatic PBH mass function (i.e. one with width ∆M ∼ M ). In the present scenario we predict an extended mass function and cannot simply compare this with the monochromatic constraints.
In order to assess the situation, we adopt the approach advocated in Ref. [42] . Assuming that the mass distribu-tion scales linearly with f tot PBH , each probe p sets an upper limit
where f mon p (M ) is the limit from the probe p for a monochromatic function of mass M . We have calculated the value of f max PBH associated with each probe for n s = 0.97 but different astrophysical assumptions. These are shown in Table I . All the probes except one allow f tot PBH = 1, including the EROS/MACHO microlensing limits with realistic assumptions. The usual assumptions (no clustering, fixed circular velocities, isothermal DM halo profile) are simplistic, especially if a significant number of PBHs are regrouped into dense clusters (which behave as a single massive lens) or into minihaloes larger than ∼ 10 6 M (which have a very low probability of being along the line of sight). Moreover, most of (subdominant) subsolar PBHs should orbit around a heavier one, due to the peak in the PBH distribution associated with Poisson fluctuations, and the superimposed microlensing curves would have been rejected by the usual analysis. To obtain a realistic microlensing limit on f max DM , we only consider lens masses m lens > M in Eq. (5). The CMB limit of Ref. [40] is in tension with our model but only for M > ∼ 1000 M and the steady-state assumption could break down for such large masses. Furthermore, such heavy black holes should have seeded compact haloes before matter-radiation equality, whose impact on the accretion and CMB limits is uncertain. Additional work is clearly needed to derive more secure accurate constraints on the PBH distribution but -given all the current theoretical and astrophysical uncertainties -a distribution with f tot PBH = 1 is still plausible. Observational Conundra -Besides passing the current observational constraints on the form of the CDM, the PBH mass function with n s 0.97 predicted from the known thermal history of the Universe provides a unified explanation for several other puzzling conundra. We discuss these in order of increasing PBH mass.
1. Planetary-Mass Microlenses. Recently Niikura et al. have reported two interesting microlensing results. The first [49] comes from observations of M31 using the Subaru telescope, which include one possible detection and place strong constraints on PBHs in the mass range 10 −10 and 10 −6 M . These are roughly compatible with our model. The second [50] uses data from the five-year OGLE survey of 2622 microlensing events in the Galactic bulge and has revealed six ultra-short ones attributable to planetary-mass objects between 10 −6 and 10 −4 M . These would contribute about 1% of the CDM, which is more than expected for free-floating planets [51] . This corresponds to the first bump in our predicted PBH mass function and the abundance, when integrated over the mass range probed by OGLE, coincides with our best-fit model with n s 0.97.
2. Quasar Microlensing. The detection of 24 microlensed quasars [52] suggests that up to 25% of galactic haloes could be in PBHs with mass between 0.05 and 0.45 M . These events could also be explained by intervening stars, but in several cases the stellar region of the lensing galaxy is not aligned with the quasar, which suggests a population of subsolar halo objects with f PBH > 0.01. For a PBH mass function with n s = 0.97, one expects f PBH 0.05 in this mass range. This is also consistent with claimed detections of microlensing of stars in M31 by halo objects with M between 0.5 and 1 M and f PBH between 15% and 30% [53] . Note that Hawkins has claimed for many years that quasar microlensing data suggest that the dark matter could comprise PBHs [54, 55] . He originally argued for Jupitermass PBHs but has now increased the mass estimate to around a solar mass.
3. OGLE/GAIA Excess of Dark Lenses in the Galactic Bulge. OGLE has detected around 60 long-duration microlensing events, of which around 20 have GAIA parallax measurements which break the mass-distance degeneracy and imply that they are probably black holes [10] . The event distribution from the posterior likelihood of their masses peaks between 0.8 and 5 M , which overlaps the gap from 2 to 5 M in which black holes are not expected to form as the endpoint of stellar evolution [11] . However, this is consistent with the main peak in the PBH mass distribution if 0.6 γ 1.
4.
Cosmic Infrared/X-ray Backgrounds. As shown by Kashlinsky [12, 56] , the unexpected spatial coherence in the fluctuations of the source-subtracted cosmic infrared and soft X-ray backgrounds suggest an overabundance of high-redshift haloes. These could form from the Poisson fluctuations in the PBH number density if solar-mass PBHs comprise a significant fraction of the CDM. In these haloes, a few stars can form and emit infrared radiation, while PBHs can emit X-rays due to accretion. It is challenging to find other scenarios that naturally produce such features.
5. Ultra-Faint Dwarf Galaxies (UFDGs). For the PBH mass distribution shown in Fig. 2 , the critical radius below which CDM-dominated UFDGs would be dynamically unstable is r c ∼ 10 -20 parsecs (depending on the mass of a possible central black hole). The non-detection of galaxies smaller than this critical radius, despite their magnitude being above the detection limit, suggests compact halo objects in the solar-mass range. Moreover, rapid accretion in the densest PBH haloes could explain the extreme UFDG mass-to-light ratios observed [13] .
6. Mass, Spin and Merger Rates for LIGO/Virgo Black Holes. Most of the observed coalesced black holes have effective spins compatible with zero 1 [57] . Although the statistical significance of this result is still low [58] , this goes against a stellar binary origin [59] but is a prediction of the PBH scenario [60] . Whether the binaries formed early or late, the expected rate of PBH mergers is comparable to that observed [57] if PBHs account for a significant fraction of the CDM [61] [62] [63] . With our mass distribution, PBHs in the range 10 -100 M have f PBH (M ) ∼ 0.01 even if f tot PBH = 1. We have computed the likelihood distribution of merger events with PBHs of masses m 1 and m 2 for n s = 0.97, using the method of Ref. [13] and taking into account the limited sensitivity of the detector at the low frequencies corresponding to large chirp masses. The results are shown in Fig. 3 , which shows that the LIGO/Virgo events are mainly localised in the most likely region. With the expected number of events in the O3 run, LIGO/Virgo should be able to detect mergers with a low mass ratio, q ≡ m 2 /m 1 0.1, or PBHs larger than 70 M , which are two distinctive features of our scenario. Finally, we have computed the expected PBH merger rate in the solarmass range, after normalising it to the observed rate in the large-mass range, τ = 50 yr −1 Gpc −3 . We obtain τ ≈ 10 3 yr −1 Gpc −3 for PBH between 1 and 5 M , which is below the rate inferred for neutron-star mergers but within range of the next LIGO/Virgo runs. Our scenario could therefore be probed by searching for BH mergers in the mass gap or below the Chandrasekhar mass. These possibilities could be distinguished from neutronstar mergers using the maximum chirp frequency, f ISCO , or the non-detection of an electromagnetic counterpart. 
where ρ m is the mean cosmological matter density (including both dark matter and baryons) and M * ≈ 10 14 M is the cut-off halo mass. For a given M h , one can thus identify the corresponding PBH mass that has the same number density,
This gives a relation M h ≈ M PBH /f PBH , corresponding to roughly one IMBH/SMBH per halo of mass 10 3 M PBH for our distribution, which is in agreement with observations. Furthermore, our n s = 0.97 mass distribution predicts the observed relation between the central black hole mass and halo mass [65] , as shown in Fig. 4 , but only if f tot PBH 1. A lower (larger) value of the spectral index would imply too many (few) IMBH/SMBHs. It is remarkable that one can reproduce this unexplained relation with such a simple hypothesis and without invoking super-Eddington accretion. Nevertheless, accretion should increase the mass of heavier SMBHs somewhat, perhaps even helping to generate galaxies [66] , and this would give even closer agreement with observations. (in units of solar mass) for LIGO/Virgo mergers, assuming a PBH mass function with ns = 0.97, based on the method described in Ref. [13] . The solid and dashed white lines correspond to mass ratios q = m2/m1 of 0.1 and 0.5, respectively. coalescing black holes rather precisely and it should detect both the "proton" peak at around 1 M and the "pion" plateau at around 50 M . PBHs from the "W/Z" bump are too small to be seen by LIGO/Virgo but they would be detectable by microlensing effects and may indeed have already been found in OGLE data [50] . PBHs from the "electron" bump are too large to be seen by LIGO/Virgo but may be detected by their dynamical effects. Indeed, our model may explain the relation between the masses of IMBHs in dwarf spheroidals or SMBHs in galactic nuclei and the masses of the host haloes. It is intriguing that extrapolating the physics of elementary particles back to the early Universe not only resolves the mystery of the dark matter but also addresses so many other cosmic conundra.
Conclusions -

